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ARTICLE INFO ABSTRACT

Keywords: The loading-rate mechanical response of the mode I delamination in composites and adhesively
Rate-dependency bonded joints was investigated. The tests were carried out using a recently developed Guided
Fracture toughness Double Cantilever Beam test method. Three different data reduction methods were proposed

Data reduction method
Loading-rate
Dynamic effects

and assessed: a displacement-based formulation, a near-crack-tip displacement formulation,
and a numerical assessment using the Virtual Crack-Closure Technique method. The methods
account for the dynamic effects which may be present. While small differences between the
three different methods can be seen, no rate-dependency higher than the uncertainty for the
materials and the loading rates considered have been evidenced.

1. Introduction

The use of composites and adhesive joining of composites continues to attract interest in aerospace, automotive and military
applications. Even so, a mature knowledge of the properties and behaviour under high loading rates, especially in the field of
fracture behaviour, is still required. Despite being a matter of research during the last decades, the rate-dependency of the fracture
toughness of Fibre-Reinforced Plastics (FRPs) and adhesive joints in FRPs still needs to be well understood and characterised to
improve the reliability of numerical predictions in dynamic events.

Although there is a lack of consensus in the literature as to which test method for the dynamic characterisation of the fracture
energy should be used, it is clear that the dynamic effect analysis is highly affected by the data reduction method used [1,2]. The
parameters involved in the data reduction, such as load, strain, displacement or crack length, remain critical when analysing the
rate-dependency of the material. Most data reduction methods for deriving the fracture toughness were developed with quasi-static
observations in mind. However, it has been shown that the type of test set-up, for instance, using high-speed cameras, can influence
the accuracy of the relevant measurements of the parameters involved in the data analysis [3,4].

The data reduction methods for mode I tests under quasi-static conditions are normally based on Linear Elastic Fracture Mechanics
(LEFM), as in the case of the international standards ISO [5], widely used to characterise the propagation of interlaminar cracks in
fibre-reinforced composites, and ISO [6] used to determine the fracture energy of adhesively bonded joints. According to Blackman
et al. [7], different correction factors must be included when determining the mode I interlaminar fracture energy, G, for the
Double Cantilever Beam (DCB) test.
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Nomenclature

a Crack length

ae Effective crack length

b Specimen width

[N Longitudinal wave propagation velocity in the material
C GDCB compliance

E Flexural modulus of the laminate or the adherents
Gy Mode I energy release rate

Gie Mode I interlaminar fracture energy

h Half of the specimen thickness

I Second moment of area of the cross section

m Lumped mass at the free end of a cantilever beam
M Equivalent moment

n Grade of the polynomial expressions

P Load

R, Reaction force for the VCCT

u(x) Opening displacement of one arm at a distance x
1u(x) Opening displacement rate of one arm at a distance x
Uy Kinetic energy

x Longitudinal distance from the crack tip to the loading point
8 Opening displacement at the loading point

6 Opening displacement rate at the loading point

Aa Crack length extension for the VCCT

Au, Separation displacement for the VCCT

p Density of the material

P(x) Rotation of the arms near the crack tip

! Flexural rigidity of the beam

X Constant for the effective crack length correction factor
w(x) Opening displacement of the arms near the crack tip
Acronyms

CBT Corrected Beam Theory

DCB Double Cantilever Beam

FE Finite Element

FRPs Fibre-Reinforced Plastics

GDCB Guided Double Cantilever Beam

LEFM Linear Elastic Fracture Mechanics

MWIF Modified Wedge-Insert Fracture

Qs Quasi-static

SCB Side-Clamped Beam

SHPB Split Hopkinson Pressure Bar

VCCT Virtual Crack-Closure Technique

As LEFM is a very reliable method for quasi-static analyses, different authors have used the same approach for dynamic tests as

well. However, this approach does not account for the dynamic effects present during high loading rate tests and is, consequently,
one of the major reasons for such differing results present in the literature. It has been shown that the data reduction method
used is a key factor to correctly account for the dynamic effects during a dynamic characterisation of the fracture energy [1,2].
Interpreting results from dynamic fracture experiments is complex because of three factors: (a) the inertia of the specimen and
additional elements bonded to it, (b) the time dependence of the material, and (c) the reflected stress waves that alter the stress
state at the crack tip. Since the quasi-static data reductions are not reliable for most of the cases, a deeper analysis of these dynamic
effects is required.

An important point about the experimental analysis of high-rate tests, in particular with inertia effects, is that the applied
load cannot be measured accurately because of signal oscillations [1,8,9]. For that reason, Blackman et al. [7] developed a load-
independent (displacement-based) analysis for the dynamic DCB fracture toughness. In a first step of their research, they used a
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simple displacement-based LEFM analysis which does not require a direct knowledge of the load. Following this, an energy analysis
was developed to account for the dynamic effects for the same DCB test [1,8]. They proposed two cases with which to analyse the
dynamic fracture toughness where the kinetic energy in the moving specimen arms was significant when compared to the fracture
energy: case 1, unstable crack growth (prior to crack propagation when the crack speed is zero in stick slip events); and case 2,
stable crack growth (for steady-state crack propagation where there is a velocity contribution from the crack motion).

Despite this dynamic analysis having been proposed several years ago, most authors still use the quasi-static approach for Gy,
ignoring the dynamic effects [10-14]. In the work of Isakov et al. [15], it is proved that using a quasi-static framework is valid for
their test and loading rates. They showed that the contribution of the kinetic energy can be assumed to be minimal for all the tested
loading rates and is only important for loading rates above 30 m/s. Only a few works present in the literature include the kinetic
effects in the analysis. For example, Thorsson et al. [16] included the kinetic energy contribution to their Modified Wedge-Insert
Fracture (MWIF) method using simple beam theory.

Some other analyses have been performed using different strategies and theories to account for dynamic mode I fracture
toughness. Riezzo et al. [17] performed dynamic wedge-insert tests using a thermal-mechanical physical system (based on a
hydraulic system) to obtain the interlaminar fracture toughness in composite laminates. They used a quasi-static calibrated
compliance curve with a load-dependent analysis to obtain the fracture energy in dynamic tests. Because wedge-insert tests involve
friction between the wedge and the cracked surfaces of the specimen, the load was measured indirectly by means of strain gauges
attached to the specimen. LiBner et al. [18] used the J-integral theory to measure the fracture energy of adhesive interfaces in
a Split Hopkinson Pressure Bar (SHPB). However, assuming that the equations derived from quasi-static equilibrium are valid for
high-rate analysis, no dynamic effect was considered.

A relevant concluding remark is that although different analytical approaches have been used in the literature, there is no clear
evidence on how the dynamic effects affect the characterisation of the mode I fracture toughness in FRPs and adhesively bonded
joints.

This paper presents a study of different data reduction strategies for the Guided Double Cantilever Beam (GDCB) test method
proposed by Medina et al. [19], to measure the mode I fracture toughness in composites and adhesive joints under different
loading rates. Three different data reduction methods have been assessed: a displacement-based formulation taking into account
the dynamic contribution through the kinetic energy, a near-crack-tip displacement formulation, and a numerical assessment based
on the experimental specimen arms displacements and using the Virtual Crack-Closure Technique (VCCT) method. A validation
of the data reduction strategies was conducted by comparing the quasi-static mode I fracture toughness obtained with the GDCB
method and the standardised ISO [5,6] methods. A test campaign from quasi-static up to high loading rates (maximum opening
velocity of 30 m/s), was carried out to show the performance of the data reduction methods at the different loading rates.

The GDCB, as shown in Fig. 1, is a test set-up developed in-house to characterise dynamic mode I fracture toughness. As seen
in Fig. 1, the device introduces the load through a V-shape guidance system that allows a constant velocity (after the acceleration
period of the machine) to be reached. The tool also includes a pair of hinges clamped to the arms of the specimen that transfer
the load/displacement from the main part of the tool, along with a simple, fast and reliable design avoiding adhesive joints and
overcoming the problems associated to end blocks and piano hinges. Additional details about the tool and how it functions can be
followed in [19]. The device for the GDCB testing has been patented under the international publication number W0O,/2022,/003219.

2. Data reduction methods

Taking into account that the signal of the load cell is not recommendable for high-rate tests, alternative load-independent analysis
are required. Thus, three different data reduction methods have been defined for the analysis of the mode I fracture toughness using
the GDCB test method proposed by Medina et al. [19].

2.1. Method 1: Displacement-based method with kinetic energy contribution

The first method formulation is based on the deductions of the first order beam theory described by Williams [20] and Hashemi
et al. [21], and assuming the postulates of linear elastic fracture mechanics (LEFM). The detailed development of this method is
described in [19]. Here, a brief summary of the method is presented here. For the case of the GDCB configuration of Fig. 2, where §
is the opening displacement at the loading point, P is the load with a transverse load equal to the axial-tensile load, § is the opening
displacement rate, b is the width of the specimen, A is half of the specimen thickness, and a is the crack length; and making use of
its compliance from Eq. (1), a displacement-based equation for the energy release rate can be obtained as in Eq. (2).

5 843 36
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16a* (1 35 )2
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where E is the flexural modulus of the laminate for an arbitrary stacking laminate, the axial modulus of the laminate for the case
of unidirectional material or the modulus of the adherents for the case of an adhesively bonded joint.

(2)
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Fig. 1. GDCB tool for the different loading rates testing, from quasi-static to intermediate/high loading rates.
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Fig. 2. Mode I guided double cantilever beam (GDCB) configuration.

Due to the existence of some deflection and rotation at the crack tip [21], the rotation of the arms at the crack tip is modelled
by adding a length yh to the crack length, defining an effective crack length a, = a+ yh, where y is a constant given by the elastic
properties of the material as described in [21]. Then, the corrected expression for the mode I energy release rate using the GDCB
method is:

(-s)
G = 3Eh35% 2a,

16(a,)* (1_£>2

Sa,

(3)

Eq. (3) is useful when the contribution of the kinetic energy for the analysis of the mode I interlaminar fracture toughness is not
relevant. This may occur in quasi-static cases and high-rate cases when the transition time threshold criterion proposed by Medina
et al. [22] is fulfilled. However, in a high-rate scenario where the kinetic energy of the system might play an important role, its
contribution to Gy can be calculated from the kinetic energy of a cantilever beam with a lumped mass m at the free end. Using
simple beam theory and assuming the static displacement profile of a cantilever beam with a transverse loading, the kinetic energy
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where ¢, = (E/p)'/? is the longitudinal wave propagation velocity in the material and é is the opening loading rate. Finally, the
displacement-based expression for the G; of the GDCB method at high loading rates can be expressed as:
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The displacement-based method has some limitations since it is based on a beam theory and LEFM. One of its limitations is that
it depends on elastic properties that can be rate-sensitive for some materials. Moreover, measuring the crack length, which can be a
complex task, has a huge effect on the accuracy of the method. In fact, this parameter appears to the fourth power in the expression
and small measurement errors can lead to completely erroneous values of Gy.. In addition, the contribution to the kinetic energy
from the axial-loading present in the GDCB test method was not considered. Therefore, the dynamic contribution for the GDCB test,
which corresponds to the last term in Eq. (6), has been assumed the same as for the DCB test. This assumption may be inaccurate
at higher loading rates than the ones considered in this work.

2.2. Method 2: Crack tip local displacement method

For the second method, a data reduction method based on a near-crack-tip displacement formulation to obtain the mode I fracture
toughness is proposed. In this method, the analysis must be focused as closely as possible to the crack tip, as shown in Fig. 3. The idea
is to describe the behaviour of the experimental GDCB test by means of an equivalent DCB geometry case loaded with pure bending
moments in the near-crack-tip region, carrying out a local analysis to determine the equivalent moments through the deformation of
the arms in the near-crack-tip region. It is in this region where the formulation assumes a linear elastic behaviour of the specimen,
thus, the inertia effects can be considered as negligible since the closer to the crack tip, the lower the mass considered and the lower
the deformation of the arms due to dynamic effects. This allows the assumption that the dynamic GDCB problem can be treated as
a quasi-static case of an equivalent DCB with pure bending moments close to the crack tip.

Performing the analysis in a near-crack-tip region, as illustrated in Fig. 3, the energy release rate of a DCB geometry under pure
bending moments [23] can be described in terms of an equivalent moment M as:

G, = %Mz @)
where ¢~! = ET = Ebh?/12, with I being the second moment of area of the cross section. Using the compliance of the DCB, a
crack-dependent expression of the energy release rate can be defined as:

3Mé
= 8
Yy ®

In the expressions in Egs. (7) and (8), the contribution of the axial-load of the GDCB is implicitly considered because it is based
on a moment analysis and the equivalent moment is based on the experimental deformation of the arms near the crack tip.

Then, the equation for the energy release rate can be obtained using the Euler-Bernoulli theory where M = ¢~'d¢/dx and
dw/dx+ ¢ = 0, w(x) is the opening displacement of the arms near the crack tip and ¢(x) the rotation of the arms near the crack tip,
defined by the n-grade polynomial expressions:

@(X) = Wy + 01 x + 0y %7 + 3% + - + w0, x" ()]

GG = o+ Prx + Pox? + x> + o+ P x"
For the case where the analysis is carried out sufficiently close to the crack tip, i.e., when x — 0, the equivalent moment can be
expressed as:

M=g %y, (10)

dx

This solution implies measuring the rotations close to the crack tip, which can require a complex set-up. However, measuring
the near-crack-tip displacement profile can be performed in an easier and more accurate way than measuring the rotation profile
when using high-speed cameras. Then, using the second derivative of the displacements of the arms, the equivalent moment can be
expressed in terms only of the near-crack-tip displacement parameters as:

—1 dzw

M=="5

=07 Qw,) a1
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Fig. 3. GDCB configuration highlighting the near-crack-tip displacement profile w(x) and rotation profile ¢(x).

With this solution, the degree of the polynomial expression used for the description of the experimental displacement (n > 2) does
not matter. However, when determining the opening displacement of the arms, for instance using an image analysis, it is important
to define the correct grade of the polynomial fitting expression, since the coefficients can change drastically and the results may
vary considerably. A third grade expression (n = 3) is chosen for this study since the quasi-static deformation of a cantilever beam
is described by a third grade expression in beam theory [24].

The energy release rate in the GDCB can be determined by substituting the equivalent near-crack-tip moment from Eq. (11) in
Eq. (8), resulting in what, from here on, will be referred to as the expression for Method 2a:

3Eh3Sw,
e
Using Eq. (12) to determine the energy release rate has the advantage of reducing the fourth power of the crack length in Method
1 (Eq. (6)) to half of it (second power in (Eq. (12)). Thus, the possible errors associated with measuring the crack length should be
reduced. However, the use of the second derivative of the near-crack-tip displacements represents a new source of errors.

Combining the displacement profile parameter in Eq. (11) with the alternative equation for the energy release rate in Eq. (7)
results in the energy release rate expression for what from now on will be referred to Method 2b:

ERw,?

)
The use of Eq. (13) avoids the difficult task of physically measuring the crack length during the test. However, it still depends on
the second derivative of the near-crack-tip displacements, which is the critical source of error.

This crack tip local displacement method still depends on the elastic properties that can be rate-sensitive for some materials.
Moreover, the accuracy of the method relies on the accuracy of capturing the displacement profile close to the crack tip, thus a high
resolution optical method (high speed cameras in this case) is required. Finally, the advantage of this method is that it can include
the dynamic effects by using a quasi-static frame analysis. Since the method uses an equivalent cross-section internal moment around
the crack tip in order to equilibrate the near-crack-tip displacements of the arms, this near-crack-tip loading state considers all the
possible dynamic effects.

12)

Gy 13)

2.3. Method 3: Numerical-based method

The third method consists of a numerical assessment using the experimental displacement profiles of the arms in conjunction
with the VCCT method [25] in a Finite Element (FE) model. In this method, the high-rate effects are captured by means of the
displacement profile of the arms. However, in contrast to Method 2, the displacement profile for Method 3 considers a longer
segment of the crack length.

In fact, the deformed shape of most of the length of the specimen arm is monitored or measured during the tests. In this way,
not only the quasi-static deformation is captured, but so too is the deformation due to the dynamic and inertial effects. Although
the deformed shapes of the two arms of the specimen should be symmetric, both arms are analysed to take into account that, due
to inertial effects, small differences in the specimen arms can generate slightly different displacement profiles in each arm of the
specimen during the test. Finally, a mean of the displacement profiles of both arms is obtained to be used as input for the FE
analysis. Then, an FE simulation of the GDCB test is carried out imposing the mean experimental displacement profile. Applying
the one evaluation step VCCT method (Fig. 4), the energy release rate can be obtained as:

1
GI = —m RyAuy (14)
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Fig. 4. Reaction force R, and separation displacement Au, applied in VCCT analysis based on one evaluation step. Model considering both arms of the specimen
in the left image and model considering symmetry of one arm in the right image.

Fig. 5. Mesh and boundary conditions of the final model considering a segment of the full specimen length.

This method is a combination of experimental test data and numerical modelling, having the advantages of no-dependency on a
beam theory, and less need for image accuracy to obtain the displacement profile in comparison with the data required for Method
2. However, the method has its limitations as the analysis is still based on LEFM and requires a large number of FE simulations.
That said, computational costs and simulation times are relatively low.

For this study, a 2D linear elastic model using the commercial software Abaqus™/Standard [26] was developed. One half of
the GDCB specimen (upper arm) was modelled and symmetric conditions were assumed, as shown in Fig. 5. The specimen was
assumed to be unidirectional with all fibres parallel to the direction of the crack growth. The composite specimen was modelled
using continuum elements with incompatible modes (CPS4I) which eliminate the shear locking phenomenon, properly capturing
the bending behaviour [26]. The final mesh of the model was selected by carrying out a study with different mesh sizes looking for
a good compromise between processing time and result accuracy. A unitary width size was used. A refined mesh of the model was
used near the crack tip, as shown in Fig. 5, with an element size of 0.0385 mm in both directions. An element size of 0.95 mm was
used along the length of the specimen for the coarse mesh region, an element size of 0.36 mm was defined in the through-thickness
directions of the coarse mesh region.

The model of the segment of the GDCB had a crack length ¢ = 50 mm, an arm thickness 4 = 1.58 mm, and a length / = 60 mm.
The arm of the specimen was loaded imposing a prescribed displacement profile onto a segment of the crack length. This segment
corresponds to the initial cracked length of 50 mm since it was the length used experimentally by the image post-processing to
obtain the displacement profile of the arms. The displacement profile was obtained using a polynomial curve fitting of the images
recorded during the tests. Then, the VCCT method was applied to obtain the value of the fracture toughness of the crack propagation
for each prescribed displacement profile.

It is important to remark that this model using a segment of the full GDCB specimen was selected to reduce the computational
time and the number of elements in the model. However, a comparison with a full GDCB specimen length model was performed
to validate the results obtained with the reduced-length model. The full-length model was a 2D linear elastic model, as represented
in Fig. 6. In this case, one half of the GDCB specimen (upper arm) was modelled and symmetric conditions were assumed, as was
done for the model of the segment. The results of the fracture toughness obtained with the VCCT method were equal in both cases
with less than 1% of difference, thus supporting the use of the segmented model.

A summary of the different methods proposed in this work for the data reduction of the GDCB test method is presented in Table 1.
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Prescribed displacement profile

Fig. 6. Initial model for the full specimen length simulation.

Table 1
Summary of the data reduction method proposed for the GDCB test method.
Method Expression for high-rates Data inputs
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3. Materials and specimens

Two different materials were used in this study: a unidirectional Hexply® M21EV/34% /UD200/IMA/150ATL thermoset-matrix
carbon fibre prepreg composite and an adhesively bonded joint made of an epoxy adhesive film FM® 300M with the previous
carbon/epoxy composite as adherents. The properties of the materials used cannot be made public due to confidentiality. However,
the elastic, strength and fracture properties of the materials are within the range of the materials commonly used in aeronautic
applications.

A 16-ply plate with all layers oriented in the same direction was manufactured. The starter crack was introduced in the mid-plane
with a non-adhesive polytetrafluoroethylene (Teflon) film. The laminate had a ply stacking sequence of [0g//0g]. The specimens’
preparation was kept the same for the two test configurations, DCB and GDCB. The average specimen thickness was 3.165 mm for
the carbon/epoxy composite material and 3.272 mm for the adhesively bonded joint with an adhesive thickness of around 0.1 mm.
These thicknesses correspond to the mean value of cured specimens, counting six measures per specimen at different locations with
a thickness variation within the limits established by the standard. The longitudinal edges of the specimens were polished with
sandpaper of different grain sizes and coated with white spray paint to facilitate the optical tracking of the crack propagation.

The specimen geometry used for the GDCB test method is similar to the one defined for the ISO [5] DCB test method for the
characterisation of the mode I interlaminar fracture toughness in laminated materials under quasi-static loading. However, the initial
crack length and the total length of the specimen for the GDCB test are larger than the standard DCB specimen. These dimensions
have been determined to ensure the initiation of propagation begins only once a constant opening velocity is reached during the
propagation zone of the GDCB, as described in [19], without plastic deformation or failure in the arms of the specimen due to
excessive bending or low stiffness. The in-plane dimensions of the GDCB samples were 350 x 20 mm?. The pre-crack was 150 mm
for both the composite laminate and the adhesively bonded joint. As recommended by the DCB standard [5], all pre-cracks were
extended a few millimetres using the DCB set-up to avoid any influence of resin-rich pockets originated at the edge of the Teflon tape.
Once the specimens were placed into the grips, the initial crack length was around 60 mm for the DCB and 146 mm for the GDCB.
Four opening displacement rates were tested: quasi-static (QS), 1, 6 and 30 m/s. Four specimens per loading rate configuration were
tested.

4. Testing set-up

The set-up was designed so that the different parameters needed for the data reduction methods could be obtained. As different
reduction methods require different input parameters (see Table 1), a set of two cameras was used to obtain all of them at the
same time for each test in order to assess the different methods employed in each test. As such, Method 1 and Method 2a require
two cameras to obtain the different parameters, while Method 2b and Method 3 only require one camera to obtain their respective
input parameters. For Method 1, the input parameters are the opening displacement at the loading point &, the displacement rate
at the loading point 6, and the crack length a. Method 2a requires the opening displacement at the loading point &, the crack
length a, and the near-crack-tip deformation parameter w,. Method 2b only needs the near-crack-tip deformation parameter, ,.
Method 3 requires the deformation profile of the arms along a relatively long segment from the crack length u(x). All of these were
obtained during the tests using common reflex cameras for quasi-static tests and high-speed cameras for the high-rate tests; as will
be described next.
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Fig. 7. GDCB set-up for high loading rate testing.

4.1. Quasi-static tests

The quasi-static tests were performed under controlled laboratory conditions using an electromechanical screw-driven MTS
machine equipped with a 10 kN load cell for both the DCB and the GDCB, described in [19], test methods with a constant cross-head
velocity of 5 mm/min. The DCB quasi-static tests were carried out according to the ISO [5] test method for the composite laminate
and the ISO [6] test method for the adhesively bonded joint. The exception from the test standards was to use a Side-Clamped
Beam (SCB) test fixture [27], and only four specimens were tested. According to the standards ISO 15024 and ISO 25217, the data
reduction methods of the test were based on the Corrected Beam Theory (CBT).

In addition to the testing machine’s own data acquisition system to record load and displacement, a set of two cameras was
used for the GDCB QS tests: Camera 1 to track the grip pins and, depending on the data reduction method being used, Camera 2
to track different locations. Thus, Camera 2 is used to track the crack tip location for Method 1, the near-crack-tip displacement
profile for Method 2, and the long range displacement profile for Method 3. The displacement at the load-application point was
tracked optically by means of markers placed at the pins in the specimen grips. For the GDCB tests, the cameras recorded images
at 0.2 Hz with a resolution of 2048 pixels along the loading direction and 328 pixels along the perpendicular direction for Camera
1, and 2048 x 2048 pixels for Camera 2. The lighting conditions during testing were set to provide a sharp contrast between the
white specimen surface and the background.

4.2. Intermediate/high-rate tests

The intermediate/high displacement rate tests were carried out using the GDCB test method and an Instron VSH dynamic servo-
hydraulic testing machine. The combination of this testing device and the GDCB test rig allows for a constant and symmetric opening
displacement to be obtained independent of the loading rate of the test.

To reduce the experimental data and determine the energy release rate, the tests were monitored with a high-speed video system.
The set-up, as shown in Fig. 7, consisted of a set of two cameras: Camera 1 to track the opening displacement at the load application
points in the specimen for Method 1, and Camera 2 to monitor the crack length growth and the deformation profile of the specimen
arms. This second camera captured data for the three methods. Two Photron Fastcam SA-Z high-speed cameras were used: Camera 1
with a Tokina 100 mm f/2.8 macro lens, a resolution of 896 x 544 pixels and a shutter speed of 1/61538 s; Camera 2 with a Pentax
100 mm f/4 macro lens, a resolution of 384 x 1024 and a shutter speed of 1/66667 s. Both cameras used a data acquisition rate of
42000 fps for all the loading rates. A selected position signal on the machine was used to trigger the high-speed cameras system.
The lighting conditions during testing were set to obtain a sharp contrast between the white specimen surface and the background
using an in-house LED lighting system of more than 70 000 lumens [28].

4.3. Image post-processing

The image frames obtained from the quasi-static tests and the high-rate tests were post-processed using in-house Matlab
scripts/algorithms to obtain the required data for each of the data reduction methods. The post-processing was the same for both
the quasi-static and high-rate GDCB tests. Fig. 8 shows a photo frame for the set of two cameras used in the GDCB test. The photo
frames from Camera 2 in Fig. 8b were rotated 90° anti-clockwise for the post-processing.

The script from Camera 1 analyses all the image frames to determine the current position of the grip pins and the reference
markers. Then, the opening displacement is obtained as the distance between the two loading pins, as seen in Fig. 9. The reference
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Fig. 8. Photo frames from (a) Camera 1 and (b) Camera 2 for the image post-processing of the GDCB.
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Fig. 9. Matlab script image from Camera 1 for the analysis of the GDCB (axes units in pixels).

markers are used as set points for the pin markers and as a control for the conversion from pixels to millimetres. Using the opening
displacement and the test time, the opening loading rate can be calculated.

A second Matlab script was used to determine the current position of the crack tip and the arm displacement profiles during the
test by post-processing the images taken with Camera 2. First, the displacement of the longitudinal outer edge of each specimen
arm is detected and a polynomial expression is adjusted to each outer arm edge by a curve fitting process, as shown in Fig. 10a.
Then, to obtain the crack length required as input data in Methods 1 and 2a, the edge points detected and the fitted curves are
translated to the middle of the specimen where the crack is actually located, as shown in Fig. 10b. Finally, the crack tip is detected
by the intersection of the two polynomial curves. It is important to mention that the outer edges of the specimen are used instead
of the inner ones since an elastic behaviour with no shear effects is assumed and these surfaces are not affected by the waviness or
small defects caused during the crack propagation, i.e., proving a clearer response.
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Fig. 10. Matlab script images from Camera 2 for the analysis of the GDCB of (a) the outer edge detection, (b) translated edge curve fitting, (c) a zoom for the
predicted crack for initial crack and (d) a zoom of an analysis during crack propagation.

The crack length obtained using this approach just before propagation starts is a bit longer than the crack length measured using
the mark from specimen preparation with the predicted crack length, as seen in Fig. 10c. This difference is around 2 mm, which is
similar to the values of the correction factor yh defined by Hashemi et al. [21] to determine an effective crack length. Therefore,
this image post-processing approach already accounts for the rotation of the arms at the crack tip.

To determine the displacement profile parameter ©, for Methods 2a and 2b, the near-crack-tip portion of the initially detected
outer edges of the specimen arms is used (Fig. 10(a). In this case, around half of the data points collected for the process to obtain the
crack length are used, ensuring enough data points for the fitting process but being as close as possible to the crack tip to minimise
the possible dynamic effects. Then, a third-grade polynomial expression is adjusted to each outer arm edge by a curve fitting process
and the w, parameter is determined. Finally, the polynomial expressions adjusted to the deflection of the specimen arms, as shown
in Figs. 10b and 10d, are use to obtain the displacement profile u(x), and therefore, to impose the prescribed displacements in the
FE model used in Method 3.

5. Results and discussion

The results of the fracture toughness presented in this section have been normalised by the respective standardised quasi-static
DCB value using the CBT data reduction method, Gy gg.cpr- The results related to the composite laminate are presented first,
followed by those for the adhesively bonded joint.
5.1. Opening loading rates

Fig. 11 summarises some examples of the evolution of the opening loading rates tested, 1, 6 and 30 m/s, and the corresponding
displacement rate applied by the tester actuator for both material configurations, the composite laminate and the adhesively bonded

11
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Fig. 11. Example of the opening loading rates achieved and the actuator velocities for the high-rate GDCB tests.

joint. The black and red curves show the acceleration ramp of the tester until reaching a constant velocity. The green and blue curves
demonstrate that the crack opening of the specimens is happening when the actuator reached the predefined constant velocity. It is
clear that the start of crack propagations is delayed in the case of the adhesively bonded joint. This can be due to the higher fracture
toughness of the adhesive with respect to that of the composite, and the use of the same pre-crack length, which implies a higher
deflection of the arms for crack propagation in the case of the adhesive. The curves also show some changes in the behaviour of
the opening loading rates during the crack propagation, mainly because of the reduction in the stiffness of the arms when the crack
increases.

5.2. Mode I fracture toughness: validation

The results of the mode I interlaminar fracture toughness of the composite material for the different loading rates tested are
shown in Fig. 12. For the adhesively bonded joint, the results of the mode I fracture toughness for the different loading rates tested
are shown in Fig. 13. First, these figures are used to compare the results obtained with the quasi-static GDCB (GDCB QS) and the
DCB (DCB QS) test methods using the Method 1 data reduction procedure in both cases (Eq. (6) for the GDCB and its equivalent
equation without the axial-load effect for the DCB). Analysing the DCB QS results from Fig. 12, these are slightly higher than those
for the DCB QS-CBT. However, this is acceptable since the load-independent method can present some differences with respect to
the CBT method because of how the data is collected and the simplifications introduced in the beam theory [29]. Comparing the
GDCB QS and the DCB QS, the results can be considered as equivalent although the variability in the case of the GDCB is higher
(Fig. 12b) and the mean value is closer to the unit ratio (Fig. 12a). Therefore, it can be considered that the GDCB testing method to
characterise the mode I fracture toughness in composite materials has been validated. When analysing the intermediate/high-rate
tests, at 1 m/s and 6 m/s, the results are below the reference values, i.e., the mean from Fig. 12a for each rate is out of the DCB
QS-CBT range, but the corresponding dispersion (Fig. 12b) is higher and falls within the range of the quasi-static values. Analysing
the tests at 6 m/s and 30 m/s, there is a clear increase in the dispersion of data, especially in the middle quartiles. For the case
of 30 m/s, there is a low minimum value in the first quartile (Fig. 12b). In fact, during the experiments it was observed that at
this loading rate the initiation values were always lower than those for the other loading rates. Despite this progressive increase in
scatter, the resulting median values (Fig. 12a) are not sufficient to determine if there is a rate effect.

Regarding the analysis of Fig. 13 for bonded specimens, the DCB results are nearly equivalent to the DCB QS-CBT. When
comparing the GDCB QS and the DCB QS, the results are similar. Both of them with a mean value below the QS-CBT one (Fig. 13a)
and, with a higher dispersion in the case of the GDCB (Fig. 13b). This also validates the use of the GDCB test method for bonded
joints. Moving to the high-rate tests, at 1 m/s the results are above the reference mean value but still in the range of the QS-CBT
results. For 6 m/s, there is a decrease of the mean and an increase of the dispersion. Finally, for the case of 30 m/s, there is an
increase of the dispersion of data (Fig. 13b), especially in the first quartile. This is because during the tests at 30 m/s, the initiation
values of crack propagation were really low for this data reduction method. Although there is a higher scatter, the median values
are in a range with those where no rate effect can be assumed.
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Fig. 12. Mode I interlaminar fracture toughness at different loading rates using Method 1 for the data reduction, showing (a) the mean and the standard
deviation, and (b) the distribution of data.
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5.3. Mode I fracture toughness: comparison of methods

A comparison of the different methods used for the data reduction of the GDCB tests with the composite material is presented in
Fig. 14, and for the case of the adhesively bonded joint in Fig. 15. The results of the interlaminar fracture toughness from Fig. 14
determined with the four different data reduction methods are all similar and can be assumed as equivalent to the quasi-static
ones. In the case of Methods 1 and 2a, there is a relatively large difference between values at different opening rates. Comparing
the mean and the standard deviation of all the methods and velocities (Fig. 14a), it can be noticed that Methods 1 and 2a exhibit
similar behaviour, with a decrease in the results for opening rates of 1 m/s and 6 m/s and an increase at 30 m/s when compared
to the QS-CBT value. The results from Method 2b are similar for all the opening rates and close to the QS-CBT. In the case of
Method 3, all the mean values are lower than the QS-CBT, with the lowest at 6 m/s. Although in general the results are close to the
QS-CBT ones, there is no clear tendency in the variation of the results with the opening loading rate and data reduction method.
This may be explained by the accuracy in the analysis of the images to obtain the data for the different data reduction methods.
At high displacement rates, the resolution of the images is limited by the test set-up and the cameras being used, leading to a high
dispersion in the results. Due to the scatter of the data, at this stage it cannot be clearly determined if the loading-rate has an effect
on the fracture toughness of the material or not. Although the method and the set-up have been proven to be valid, additional tests
with faster and higher resolution cameras are necessary.

When comparing the distribution of data for each method and velocity (Fig. 14b), while there is significant scatter in the data
for some of the data reduction methods, similar trends can be observed for all cases. There is a tendency to increase the dispersion
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deviation, and in (b) the distribution of data.

with the increase of the opening loading rate for Methods 1 and 2a. However, Methods 2b and 3 present a high dispersion of data
for all the opening rates. Additionally, it can be seen that the crack tip local displacement formulation of Method 2a is the one
with the lesser dispersion, meanwhile the crack tip local displacement formulation of Method 2b is the one with higher dispersion
in the results. This is linked to the accuracy in reading the input parameter for each of the data reduction methods. As explained
earlier, and summarised in Table 1, Method 1 requires three input parameters of which two are associated to tracking at the loading
point (opening displacement é and opening velocity §) and are captured directly from the image analysis with high accuracy. The
remaining parameter, the crack length q, is accurately captured by the image post-processing script. This means that Method 1 has
a low scattering in the results due to the accuracy of the input data. Method 2a also requires three input parameters of which two of
them, the opening displacement § and the crack length q, are captured as for Method 1, obtaining good accuracy. Meanwhile, the last
parameter, the near-crack-tip displacement profile parameter w,, is not captured with that same high accuracy, promoting a higher
scatter. However, since Method 2a involves two parameters captured with good accuracy and one parameter with low accuracy,
the results obtained present low scatter. For the case of Method 2b, it depends on only one input parameter, the near-crack-tip
displacement profile parameter w,, which presents low accuracy and results in the higher scattering in the results. Similarly, Method
3 requires the displacement profile u(x) as input parameter, and as in the case of Method 2b, it is captured with low accuracy by the
test set-up promoting a high dispersion of the results. As a conclusion, the dispersion in the results of the different data reduction
method is linked not only with the parameters and the associated theory, but also with the accuracy of the set-up (resolution of the
high speed cameras) and the post-processing used to capture the required input data. All these added to the inherent variability of
the fracture toughness of composites.
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Fig. 16. Example of curves of the interlaminar fracture toughness in terms of the crack length for the composite laminate using three different data reduction
methods for opening loading rates of (a) quasi-static, (b) 1 m/s, (¢) 6 m/s, and (d) 30 m/s.

From Fig. 15, it is noticeable that for the case of adhesively bonded joint fracture toughness the results from Method 3 are not
presented. This is because the FE model used for bonded joints is the same as for the case of the composite material (model described
in Section 2.3), i.e., the model does not consider the physical adhesive layer or its properties. Applying the VCCT method to this
model gave values of fracture toughness below half of the expected ones, indicating the need to improve the FE model, such as
considering the adhesive layer and the corresponding material properties.

The results obtained using Method 1 are below the QS-CBT reference value at QS and 6 m/s, and 30 m/s loading rates. Method
2a presents the lowest mean values at QS and 6 m/s, and an increase of the fracture toughness with respect to the reference values
for 30 m/s. For Method 2b, a similar behaviour to the results from Method 2a can be seen, with higher mean values in all cases.
Method 2a always gives the lowest values while Method 2b corresponds to the highest ones except for the quasi-static case. In
any case, as mentioned, the three methods result in similar fracture toughness values and fall within the variability range. For the
case of 1 m/s opening displacement, the results are higher than the quasi-static values, but not enough to present a rate effect.
Additionally, it can be observed that the dispersion in the results obtained with Method 1 tends to increase with the loading rate.
On the contrary, the dispersion in the results for Method 2b is reduced with increasing loading rates. Method 2a presents a similar
dispersion for all the cases.

Fig. 16 and Fig. 17 show a representative example of the curves of the interlaminar fracture toughness and the adhesive fracture
toughness, respectively, in terms of the crack length for the tested loading rates using Method 1, Method 2a, and Method 2b for the
data reduction. In Fig. 16, it can be seen how the curves of Method 2a tend to have a mean behaviour of the curves of Method 1
and Method 2b, confirming the explanation given before about the influence the parameters have on the dispersion of the results.
Additionally, it can be noticed that at high loading rates, i.e., at 30 m/s, the fracture toughness starts with low values and increases
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Fig. 17. Example of curves of the adhesive fracture energy in terms of the crack length for the bonded joint using three different data reduction methods for
opening loading rates of (a) quasi-static, (b) 1 m/s, (¢c) 6 m/s, and (d) 30 m/s.

with the crack propagation, thus having a wide range of data and therefore a high dispersion. This behaviour can be due to the
increase on the inertia effects linked to the large deformation of the arms.

Similar to the case for the composite laminate, the curves of Method 2a tend to present a mean behaviour of the curves of
Method 1 and Method 2b in Fig. 17 for the adhesive joint. Besides, as in the case of the composite material, the behaviour of the
fracture toughness for the adhesive joint with a low initial value at high opening rates (30 m/s) when using Method 1 can be seen.
However, this behaviour is not noticed for the other two data reduction methods, dealing in a better way with the inertia effects at
high loading rates.

In addition, the failure surfaces of all tested specimens were visually inspected after the tests. Fig. 18 and Fig. 19 present a
representative example of the failure surfaces for the composite material and the bonded joint, respectively, at the different loading
rates tested. It can be observed that for all cases it is possible to notice the signs of the pre-cracking process. However, from Fig. 18,
there is no perceptible difference in the fracture mechanism between the different loading rates, obtaining stable and smooth crack
propagation along the interface of the composite laminate. From Fig. 19 for the adhesive QS specimens, the final crack propagation
mark was easily observed. This is because the test ends at a controlled crack extension, while for the intermediate/high loading
rates, the test ends after a crack extension of around 150 mm. In general, stable and smooth crack propagation along the adhesive
bond was obtained for all cases. A decrease of the possible arrest lines is noticed when increasing the loading rate. A cohesive failure
that stays within the bondline for all the cases, from QS to high loading rates, was obtained.
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Fig. 18. Example of the main section of the cracked surfaces of the GDCB test for the composite laminate at (a) QS, (b) 1 m/s, (¢) 6 m/s, and (d) 30 m/s
loading rate.

5.4. Mode I fracture toughness: crack propagation velocity

Fig. 20 and Fig. 21 summarise the results of the interlaminar fracture toughness for the composite material and the adhesively
bonded join, respectively, for each of the loading rates in terms of the crack propagation velocities. These figures are obtained by
considering the mean value of the fracture toughness and the associated standard deviation for different values of crack propagation
velocities for each tester loading rate. In addition, the density distribution for the crack velocities for the tested loading rates,
shown in Fig. 20a and Fig. 21a, is included to give an idea of the relationship between the testing opening loading rate and the
crack propagation velocities associated. Only the data reduction Methods 1, 2a and 2b are used mainly because Method 3 does not
capture the crack length, thus, a crack propagation velocity cannot be assessed. Actually, Method 2b is crack length independent,
presenting a similar case as Method 3, however the crack length data from Method 2a is used for Method 2b.

As shown in Fig. 20, a wide range of crack propagation velocities can be achieved for each one of the tester loading rates. For the
tester loading rate of 1 m/s, crack propagation velocities between 0.05 m/s and 8.5 m/s were reached, thus having the main range
of data between 1.5 and 4 m/s. For the tester loading rate of 6 m/s between 0.25 m/s and 40 m/s of crack propagation velocity,
with the main range of data being between 10 and 30 m/s. For the tester loading rate of 30 m/s between 4.5 m/s and 70 m/s, with
the main range of data being between 25 and 55 m/s. Therefore, the higher the tester loading rate, the lower the ratio between the
crack propagation velocity and the loading rate. In addition, despite the scatter of the fracture toughness in Fig. 20a, b, and c, the
mean values are similar for the different data reduction methods. It is possible to conclude that for these loading rates, there is no
apparent effect on the fracture toughness of the composite material. Thus, when comparing the three different methods in Fig. 20,
Method 2b seems to be the one that better eliminates the uncertainties at high loading rates.
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Fig. 19. Example of the main section of the cracked surfaces of the GDCB test for the adhesively bonded joint at (a) QS, (b) 1 m/s, (c¢) 6 m/s, and (d) 30 m/s
loading rate.

Analysing Fig. 21, for the loading rate of 1 m/s, crack propagation velocities between 0.07 m/s and 5 m/s were reached, with
the main range of data being between 1 and 3 m/s. For the loading rate of 6 m/s, the resulting crack propagation velocities are
between 0.08 m/s and 20 m/s, with the main range of data being between 9 and 20 m/s. For the loading rate of 30 m/s, the crack
propagation velocities found are between 1.5 m/s and 50 m/s, with the main range of data being between 15 and 40 m/s. In a
similar case as the composite laminate, the higher the loading rate the lower the ratio between the crack propagation velocity and
the loading rate. However, lower crack propagation velocities were reached in the bonded joint when compared to the composite
laminate. Taking this into account, it is possible to conclude that the propagation velocity of the crack is slower in the adhesive

used.

Overall, the fracture toughness results shown in Fig. 21 for adhesively bonded joint specimens present a similar dispersion. For
the results using Method 1 (Fig. 21a), there seems to be a tendency of decreasing the fracture toughness with the crack propagation
velocity and the opening loading rate. However, the low values of the fracture toughness at low crack propagation velocities for
the loading rate of 30 m/s can be explained by the low initiation values that are usually at the lower crack propagation velocities,
as seen in Fig. 17d. In addition, for the adhesive bonded joint tests, the loading rate of 6 m/s produces lower results for the three
different data reduction methods. Therefore, despite the resulting scatter, it is not possible to conclude if there is an effect of the
loading rates considered on the adhesive fracture toughness.
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Fig. 20. Interlaminar fracture toughness in terms of the crack propagation velocities and the density distribution for the composite laminate using (a) Method
1, (b) Method 2a, and (c) Method 2b. Graph (a) also shows the density distribution of data which applies for the three different methods.

6. Conclusions

The rate-dependencies of the mode-I fracture toughness in a thermoset-matrix carbon-fibre composite and an adhesively bonded
joint were assessed. Three different data reduction methods have been developed and compared. The study comparing the three
different methods has been performed at different loading rates (from quasi-static to high-rate). In general, the results of the methods
presented show a similar overall behaviour, but with clear differences in scattering. The results show no rate-dependency on the
mode I fracture toughness higher than the uncertainty for the materials and the loading rates considered. A larger specimen sample
per configuration could help to study the variability of the results and obtain a more reliable conclusion about the loading rate
effect on the mode I fracture toughness.
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Fig. 21. Adhesive fracture toughness in terms of the crack propagation velocities and the data distribution for the bonded joint using (a) Method 1, (b) Method
2a, and (c) Method 2b. Graph (a) also shows the density distribution of data which applies for the three different methods.

Method 2a, based on the opening displacement, the crack length and the displacement profile parameter near the crack tip,
is the one that presents lower scattering in the results. Meanwhile, Method 2b, which is only based on the displacement profile
parameter near the crack tip, is the one that has higher dispersion. The numerically-based method (Method 3), which requires the
displacement profiles of the arms, shows a similar scattering as Method 2b for the case of the composite laminate. Therefore, the
methods dependent on the displacement profile, Method 2b and Method 3, can be improved by increasing the resolution of the
image acquisition system. Method 2b is a promising data reduction method for dynamic testing because it only requires a single
high-speed camera. Even though the experimental variability, the dynamic mean values lie within the range of the G;. measured
with the QS DCB.

Finally, a better pre-crack length for the adhesively bonded joints must be used instead of using the same crack as the one defined
for the composite fracture toughness specimens.
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